A computation fluid dynamics modeling of liquid-solid flow in a new internal spiral-grooved tube is carried out. the effects of liquid/solids superficial velocity (0.3m/s,0.5m/s,and0.7m/s) and the particle size (0.0005m,0.00075m, and 0.001m) on the flow features of the new spiral-grooved tube using the Eularian-Eularian method with the kinetic theory of granular flow are systematically studied. Numerical simulation results show that because of the internal spiral grooves and the difference between liquid density and solid particle density, solids accumulate to the center in tube, and secondary flow phenomenon appears. Flow velocity decreases from center to boundary of the tube along the radial direction. And the larger velocity and diameter are, the smaller the solids volume fraction near the wall and the higher the solids volume fraction in center of the tube are.
Introduction
Internal spiral-grooved tube is widely used in chemical heat exchanger industry, especially for enhancing heat transfer in the heat exchanger. Compared with smooth tubes, internal spiral grooves generate centrifugal force, and the fluid in the internal spiral grooves appears to be flow in a spiral movement. This phenomenon enhances the disturbance of the wall boundary and heat transfer performance could be enhanced. More attentions have been paid to the capacity of internal spiral grooves tube [1] [2] [3] , and single-phase flow and heat transfer was mainly studied [4] . However liquid-solid flow is common in the chemistry industry, and studies of liquid-solid two-phase flow spiral tube were rarely been reported.
The computational fluid dynamics (CFD) method can be used for the liquid-solid flow. There are two different modeling strategies, i.e., Eulerian-Eulerian and Eulerian-Lagrangian [5] .The Eulerian-Eulerian two-fluid model is mostly used for dense particulate flows because of its short computational time with treating the solid phase as a continuous medium. For describing the particle phase flow, the kinetic theory of granular flow (KTGF) has been widely used. This theory is based on the classical kinetic theory of dense gases described by Chapman and Cowling [6] .
In the present work, the Eularian-Eularian approach incorporating the kinetic theory for granular flow is applied to model liquid-solid flow in the new spiral-grooved tube. The effects of liquid/solids superficial velocity (0.3m/s, 0.5m/s, and0.7m/s) and the particle size (0.0005m, 0.00075m, and 0.001m) on the flow features of the new spiral-grooved tube are systematically studied.
Numerical Simulations Computational Domain and Mesh
A new spiral-grooved tube is established for the separation of liquid and solid, which is illustrated in Figure 1 (a). The parameters of the geometry are as follows: The length, outer and inner diameters of the tube are 3m, 34mm and 29mm, respectively; the screw pitch and number of threads of the tube are 400mm and 20, respectively. The grid of calculation model for three-dimensional structural tube is illustrated in Figure 1(b) . 
Governing Equations
All simulations are done in three-dimensions. In the following a short overview on the governing equations is given. The continuity equations for the liquid and solid phases are given in the following equations:
where α q , ρ q and u q (q = l or s) represent the local volume fraction, density and velocity vector, respectively. The momentum conservation equations for liquid and solid phases are To solve these flow equations further closures are required. In this work, the standard k-ε model have been used [7] . The liquid-solid drag coefficient is calculated according to Gidaspow [8] .The description of the particle-particle interactions used the kinetic theory for granular flow which requires many closure models. More descriptions of the closure terms are implemented in ANSYS FLUENT ® software, therefore they are not presented here. Instead closure models and parameters used in the simulations are presented in Table 1 . 
Simulation Set Up and Layout
CFD Simulations studied in this work are set up using the commercial software ANSYS FLUENT. Velocity inlet boundary is used for the inlet. Liquid and solids flow into the tube along the Z axis with a specified velocity, and gravity which is contrary to the flow direction and pressure are added into the simulation. The properties of fluid and solids are listed in Table 2 .Outflow boundary is used for the export of simulated tube. At walls, no slip wall condition is considered for the liquid and partially slip wall condition which is proposed by Johnson and Jackson [9] is assumed for the solids. The phase-coupled SIMPLE iterative algorithm is applied for coupling of velocity and pressure. The discretization scheme is second-order upwind scheme for the convection terms of momentum and granular temperature equations, and QUICK scheme for volume fraction equation. Convergence criterion is set at 10 −4 .the time step of 10 -4 is set. 
Results and Discussion

Mesh-independent Validation
To obtain the results independent of the grid, numerous simulations are conducted using different mesh numbers, which are 43,350, 67,200 and 105,600, respectively, for the validation. For comparison, the variations of the solids volume fraction along the X axis direction in the outlet cross-section for the three meshing schemes are shown in Figure 2 . It can be seen the differences between meshes of 67,200 and 105,600 are really small. The mesh of 67,200 is adopted for all the simulation. 
Effects of Liquid/Solids Superficial Velocity
A parametric study is carried out to investigate the effect of liquid/particle superficial velocity (0.3m/s, 0.5m/s and 0.7m/s) at a specified solids diameter (750µm) on the flow state in the new spiral-grooved tube. Figure 3 shows contours of solids axial surface solids flow state distribution at u p = 0.5m/s, and near inlet and outlet parts are zoomed in at the right of figure. Figures 4-6 represent contours of outlet cross-section flow state distribution, in which velocity is 0.3m/s, 0.5m/s and 0.7m/s, respectively. As shown in the Figure 3 , the flow pattern begins to become stable quickly. There are fewer solids near the tube wall and more in the center; on the contrary, liquid phase concentrate to the center of the tube. Since the solids had lower density than the liquid and the effect of radial force concludes centrifugal force which is caused by internal spiral grooves, the amount of solids at the center of the tube was much lower than it was at the center of the tube. For u p =0.5m/s, the minimum volume fraction near the wall the maximum volume fraction is about 0.065 and 0.454, respectively. There is an obvious velocity gradient in the radial direction of the tube from Figure 3(b) . The velocity of center of the tube is the biggest and the velocity near wall quickly reduces to zero because of the influence of the wall. Due to the effect of the internal spiral grooves, the flow is accelerated and the flow rate in the tube is greater than that in the inlet. Compared with 0.5m/s in the inlet, the greatest velocity in the center of the tube is 0.731m/s. As shown in Figures 4-6 , there are still some differences existing in the liquid-solid flow when it is at different liquid/solids superficial velocity. When velocity increases from 0.3m/s to 0.7m/s, the maximum solids volume fraction ranges from 0.447 to 0.463.But the minimum volume fraction near the wall decreases from 0.11 to 0.041. For comparison, the variations of the solids volume fraction along the X axis direction in the outlet cross-section for the three velocities are shown in Figure 7 . It can be seen that the larger velocity is, the smaller the solids volume fraction near the wall is. Figures 8 and 9 show contours of outlet cross-section flow state distribution, in which solid particle diameter is 500µm and 1000µm, respectively. Comparison of Figure 4 (b), Figure 8 (b) and Figure 9 (b) reveals that the larger solid particle diameter has a more significant effect on the solids volume fraction near the wall, and the minimum solids volume fraction decreases from 0.189 to 0.067. As shown in Figure 10 , the larger diameter is, the smaller the solids volume fraction near the wall and the higher the solids volume fraction in center of the tube are. This may be because the difference between liquid density and solid particle density is small, and the smaller solid particle is difficult to separate from the liquid. The solids volume fraction near the wall is 0.32, 0.22, and 0.14, respectively.
Effects of Solid Particle Diameter
Comparison of Figure 4 (c), Figure 8 (c) and Figure 9 (c) shows that the variation of solid particle diameter has little influence on the solids velocity, and the solids velocity in the center of the tube is about 0.45 m/s. 
Conclusions
A Eularian-Eularian two-phase model with granular flow theory is used to simulate a solid-liquid flow in a new internal spiral-grooved tube. To investigate the effect of different modeling parameters on the flow performance, different liquid/solids superficial velocities and solid particle diameters are evaluated.
The results show that the liquid/solids superficial velocity has an influence on the solids volume fraction distribution. Because of the internal spiral grooves and the difference between liquid density and solid particle density, solids accumulate to the center in tube, and the amount of solids at the center of the tube was much lower than it was at the center of the tube. The larger velocity is, the smaller the solids volume fraction near the wall is. The flow rate decreases close to zero from center of the tube to the wall, and secondary flow phenomenon appears.
Varying the solid particle diameters has negligible influence for the distribution of the solids volume fraction. The larger diameter is, the smaller the solids volume fraction near the wall and the higher the solids volume fraction in center of the tube are.
